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Photosystem II (PS II) reaction center complex of higher plants was revealed to contain a new low-molecular-mass com- 
ponent of 4.8 kDa encoded by a chloroplast gene, p&I [(1988) FEBS Lett. 241,99-1041, in addition to Dl, D2 and two 
subunits of cytochrome b-559. Here we isolated a PS II reaction center complex from the thermophilic yanobacterium, 
Synechocaccus vulcanus, by column chromatography using Triton X-100 and urea, and attempted to identify the same 
gene product. SDS gel electrophoresis of the cyanobacterial reaction center complex resolved three protein bands of 8, 
5.4 and 5 kDa in addition to Dl, D2 and a partially remaining 47 kDa protein. N-terminal sequencing revealed that 
the 5 kDa band consisted of two components: one, having an open N-terminus, was homologous to thepsbL gene product 
of higher plants, and the other, having a blocked N-terminus, was homologous to the@ gene product of higher plants. 
The 8 kDa and 5.4 kDa were the large and small subunits of cytochrome b-559, respectively. Based on these results, 
we conclude that the subunit structure of cyanobacterial PS II reaction center complex is essentially the same as that 
of higher plants except hat the cyanobacterial p&L product is more tightly associated with the reaction center. 
Cyanobacterium; Photosystem II; Reaction center; Gene, psb1; Gene, psbL; (Synechococcus vulcanus) 
1. INTRODUCTION 
There are many protein components registered 
for various types of photosystem II (PS II) 
preparations from plants [l-3]. Among these, the 
Dl-D2 heterodimer has been claimed to form the 
reaction center to mediate photochemical reactions 
[4], based on the sequence homology with L and M 
subunits and the structural analogy with the 
crystallized reaction center complex of photosyn- 
thetic purple bacteria [5,6]. However, no active 
Dl-D2 heterodimer has been successfully isolated 
yet, and the minimum active complex so far iso- 
lated is the so-called ‘Dl-D2 cytochrome-b-559’ 
complex, that was first reported for spinach by 
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Nanba and Satoh [7]. Although this complex has 
a pigment composition (4 to 5 Chl and 2 
pheophytin per unit) similar to that of bacterial 
reaction center [7], it contains three low- 
molecular-mass proteins (two subunits of cyto- 
chrome b-559 of 9.4 kDa and 4.4 kDa and the 
newly found protein of 4.8 kDa) in addition to Dl 
and D2 [8]. Likewise, crystallized bacterial reac- 
tion center complexes contain such additional 
components as the H subunit and the cytochrome 
with four hemes as reported for Rhodopseudomo- 
nas viridis [5]. It is not known, however, whether 
there are any structural or functional relationships 
with respect to these additional components be- 
tween the higher plant PS II and purple bacterial 
reaction centers. 
From the evolutionary point of view, cyanobac- 
teria, oxygenic procaryotes, are the organisms of 
an intermediate type located between photosyn- 
thetic bacteria and green plants. Accumulating 
data show that cyanobacterial PS II is similar to 
plant PS II in many aspects such as subunit com- 
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position and photochemistry. For example, the 
structural genes of cytochrome b-559 subunits 
@bE and psbF), Dl @&A) and D2 Q&D) were 
identified in cyanobacterial chromosomes [9- 1 l] 
and their expression was confirmed im- 
munologically using antibodies raised against cor- 
responding plant proteins [9,12]. Recently we also 
identified the psbH and psbK gene products in 
Synechococcus PS II [13], both of which had been 
found in higher plants before [14,15]. 
These similarities lead us to assume that the 
cyanobacterial PS II reaction center must also con- 
tain the 4.8 kDa component, that was recently 
identified in higher plants [8] to be encoded by a 
chloroplast gene designated psb1 [ 16,171. There is 
an attempt reported to isolate the reaction center 
complex from Synechocystis [18], but nothing has 
been described about the low-molecular-mass pro- 
tein components probably because of a poor 
resolution in SDS-PAGE [ 181. Here we isolated a 
cyanobacterial PS II reaction center complex from 
a thermophilic cyanobacterium, Synechococcus 
vulcanus, and report a clear identification of all 
the low-molecular-mass proteins by N-terminal se- 
quencing . 
2. MATERIALS AND METHODS 
PS II particles and the Or-evolving core complex were 
prepared from thylakoid membranes of Synechococcus 
vulconus Copeland as described in [ 131. The core complex was 
treated with 50 mM Tris-HCl (pH 8.0) to remove the 33 kDa 
extrinsic protein, and then solubilized with 4% (w/v) Triton 
X-100 at 1 mg Chl/ml in 4 M urea, 30 mM NaCl and 50 mM 
Tris-HCl (pH 7.2). After 1 h of treatment at O”C, the solubiliz- 
ed materials were passed through a Millipore filter (pore size 
0.2 pm) and loaded onto a DEAE-Toyopearl column which had 
been equilibrated with 0.05% (w/v) Triton X-100, 4 M urea, 
30 mM NaCl and 50 mM Tris-HCl (pH 7.2). The column was 
washed with the equilibration buffer for 2 h to remove un- 
bound proteins. Then the urea concentration was reduced to 
2 M and washing was continued for about IS h until the ab- 
sorption at 412 nm of the eluate reached the level comparable 
to Chl absorption at 435 nm. The reaction center complex was 
eluted by a NaCl linear gradient from 30 to 400 mM in the same 
buffer. Reaction center-enriched fractions around 150 mM 
NaCl were pooled, diluted 10 times with 50 mM Tris-HCl (pH 
7.2). and then precipitated by centrifugation at 250000 x g for 
1 h. 
SDS-PAGE with 7.5 M urea and a 16-22% (w/v) acrylamide 
gradient was performed following [S]. For protein sequencing, 
proteins in the gel were transferred onto a PVDF membrane 
(Immobilon, Millipore) using a semidry-type lectroblotter ac- 
cording to the method in [3] except for omission of Tris from 
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the blotting solution. This modification was indispensable to 
transfer the 5 kDa proteins to the PVDF membrane, although 
the other low-molecular-mass proteins were well blotted ir- 
respective of the modification. Transferred proteins were stain- 
ed with Amido Black 10B (Bio-Rad), cut out, and then 
subjected to a protein sequencer (model 477A, Applied 
Biosystems). Each protein band on the PVDF membrane was 
sequenced before and after an acid treatment (0.6 N HCl for 
24 h) to check N-terminal blockage. 
3. RESULTS 
The PS II reaction center complex isolated from 
Synechococcus howed enhanced absorption peaks 
at 415 nm and at 539 nm as compared with those 
in the original core complex (fig.1). The 415 nm 
peak may be attributed to the Soret band absorp- 
tion of both pheophytin and cytochrome b-559, 
while the 539 nm peak is due to pheophytin, as in 
the higher plant PS II reaction center complex [7]. 
Notably, however, the absorption by Chl at 
435 nm remained as a low but distinct independent 
peak (fig.l), while it decreased to only a shoulder 
superimposed on the prominent absorption peak- 
ing at 415 nm in higher plant preparations. This in- 
dicates a higher content of Chl in the 
cyanobacterial preparation than in higher plant 
preparation, and suggests an incomplete removal 
of antenna Chl-protein complexes. In accordance 
with this, a doublet band due to the 47 kDa Chl- 
binding protein could still be found in the reaction 
center preparation from cyanobacteria, while the 
43 kDa Chl-binding protein and the 33 kDa extrin- 
sic protein were completely removed (fig.2). 
In order to compare our cyanobacterial prepara- 
tion with the PS II reaction center preparation 
from higher plants, we attempted to estimate the 
number of Chl molecules per unit. Based on the 
staining intensity of the large subunit of 
cytochrome b-559 (8 kDa band, see below for 
identification), the contents of 47 kDa protein and 
total Chl in our reaction center preparation were 
estimated to be 50 and 37%, respectively, of those 
in the original core complex. Assuming that the 
core complex contains 40 to 50 Chl molecules per 
unit [19], the Chl content of our reaction center 
preparation is calculated to be 14 to 18 Chl 
molecules per unit. When the amount of Chl 
bound to the remaining 47 kDa protein was taken 
into account, the intrinsic number of Chl 
molecules per unit of cyanobacterial PS II reaction 
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Fig. 1. Absorption spectra of the reaction center (RC) complex 
(solid curve) and Oz-evolving core complex (dashed curve) from 
Synechococcus. 
center is calculated to be 4 to 8, which is close to 
that of higher plants. In these estimations, we used 
the large subunit of cytochrome b-559 (8 kDa 
band) as the most reliable standard component of 
PS II reaction center, since most of Dl and D2 ag- 
gregated during detergent treatment to form 
various aggregates recovered in high molecular 
mass region on the gel, resulting in an apparent 
poor recovery of the monomer bands. 
In low-molecular-mass region, our reaction 
center complex exhibited three bands of about 
8 kDa, 5.4 kDa and 5 kDa (fig.2). Occasionally a 
4.7 kDa band could be vaguely separated from the 
5 kDa band, but the core components (6.5 kDa 
psbH product, 3.9 kDa psbK product and the 
4.1 kDa protein) could always be removed com- 
pletely. The reproducibly observed three low- 
a b c d 
Fig.2. Polypeptide composition of PS II particles (lane a), the 
02-evolving core complex (b) and the PS II reaction center 
complex (c) from Synechococcus, and the PS II reaction center 
complex (d) from spinach. 
molecular-mass components were subjected to N- 
terminal sequencing. 
The 5 kDa band of the reaction center complex 
gave a unique N-terminal sequence when se- 
quenced without acid treatment (fig.3D). This se- 
quence is homologous to the sequences deduced 
from the gene, which is known to be located just 
downstream of the psbE/psbF genes both in 
cyanobacteria and plants [20-221. The product 
protein of this gene was recently identified in 
spinach and wheat PS II and the gene was 
designated psbL [3], although the same gene was 
once reported as p.sbI without identification of its 
product [22]. The sequence alignment shows that 
only a few residues at the N-terminus are variable 
but the rest is highly conserved. Note that the first 
Met residue is found in the Synechococcus 
product, while it is lacking in the spinach and 
wheat products. 
After acid treatment, the same 5 kDa band of 
the reaction center complex gave another unique 
sequence with comparable intensities in amino acid 
signals (fig.3C). This sequence is homologous to 
the partial sequence data obtained for the 4.8 kDa 
reaction center component of spinach which was 
recently assigned to the product of psb1 gene 
157 
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(A) 8 kDa protein (ME) 
Synechococcus AG-TTGERPFSDIITSVRYWVIHSITIPALFIAG 
Synechocystis MS.-..........V..I...........M..... 
Cyanophora MS.G..........V..I......TV...FFIV.. 
Liverwort MS.-.......A.....I...........S..... 
Tobacco MS.-S....S.A.....I...........S..... 
(8) 5.4 kDa protein (E&F) 
Synechococcus TSTNPNQEPVSYPIFTVR?VA 
Synechocystis MATQ....-..P.......WL. 
Cyanophara MN--....-..........WL. 
Liverwort M.IDRT------.......WL. 
Tobacco H.IDRT------.......Wl/ 
(C) 6 kDa protein with blocked N-terminus @.&I) 
Synechococcus NETLXITVYIVVTFFVLLFVFGFLSGDPA 
Liverwort .L...LF..T..I...S........N..G 
Tobacco .L...LF..T..I...S..I.....N..G 
(D) 5 kDa protein with open N-terminus C&$&L) 
Synechococcus ME--PNPNRQPVELNRT?L 
Synechocystls .DRNS............S. 
Cyanophora .VSQ-.....K......S. 
Liverwort .TQP-...K.S......S. 
Tobacco .TQS-...E.N.....& 
Fig.3. Determined amino acid sequences of Synechococcus 
proteins and their alignment with those deduced from respective 
gene sequences of other organisms (liverwort [20], tobacco [21], 
Synechocystis PCC 6803 and Cyanophora paradoxa [9,22]). 
Only the N-terminal regions of the deduced sequences were 
aligned with the Synechococcus data. Amino acid differences 
between Synechococcus and the others were indicated, but the 
same residue was shown by a dot. A hyphen denotes a deletion 
and a question mark means a residue which was not 
determined. Underlining stands for the putative membrane 
spanning segment or its part. Note that all the reference 
sequences are based on gene sequence data but not on protein 
sequencing. The protein sequence data for spinach and wheat 
[3,16] are not presented here, since they are almost the same as 
those deduced from tobacco genes. It is noteworthy, however, 
that in higher plant PS II the protein sequence data showed 
deletion of the first Met in psbE, psbF and psbL products but 
not in psbI product ([3,16,23,24]; also Ikeuchi, M. and Inoue, 
Y., unpublished). 
reported for liverwort and tobacco chloroplast 
DNA [la]. Without acid treatment, this sequence 
could not be obtained which is indicative of N- 
terminal blockage. The sequence alignment shows 
a high homology throughout the determined part. 
Notably, the 5th Lys and 27th Asp residues are 
conserved among the three organisms showing the 
same putative membrane-spanning segment com- 
posed of 21 hydrophobic residues between the two 
residues. 
The N-terminal sequences of the 8 kDa and 
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5.4 kDa bands were obtained without acid treat- 
ment and found to be homologous to psbE and 
psbF sequences, respectively, indicative of the 
large and small subunits of cytochrome b-559 with 
open N-termini (fig.3A,B). In higher plants, the N- 
terminus of the small subunit was blocked, while 
that of the large subunit was not [3,23,24]. The 
first Met residues of both subunits in Synechococ- 
cus were missing like those in higher plants. Align- 
ment of the psbF sequences revealed that the 
Synechococcus sequence has a higher homology 
with Synechocystis and Cyanophora than with 
higher plants. The difference in apparent 
molecular mass of the small subunits observed by 
SDS-PAGE (5.4 kDa for Synechococcus and 
4.4 kDa for higher plants) can be explained by the 
insertion of an additional 6 amino acid residues in 
the N-terminal region of the Synechococcus pro- 
tein, since the sequence in C-terminal region (not 
sequenced here) is highly conserved among all 
organisms [22]. In contrast, the N-terminal part of 
the large subunit was highly conserved between 
Synechococcus and the others, and the differences 
were mostly found in the C-terminal end (not se- 
quenced here). 
On SDS gels, the dye-staining intensity of the 
5 kDa band @bI plus psbL products) was 
reproducibly higher by a factor of about 1.5 than 
that of the 5.4 kDa band (psbF product). When 
the apparent molecular masses of these proteins 
are taken into account, the molar abundance of the 
two 5 kDa proteins relative to the 5.4 kDa protein 
will be even higher. The intensity of amino acid 
signals in protein sequencing suggested com- 
parable amounts of psb1 and psbL products in the 
5 kDa band. Based on these, it can be inferred that 
both psb1 and psbL products are present at almost 
stoichiometric amounts with regard to the psbF 
product, although the exact stoichiometry could 
not be determined in this study because of various 
limitations. 
4. DISCUSSION 
The present study not only provided the first 
evidence for the presence of psb1 gene in 
cyanobacteria, but also demonstrated that the 
Synechococcus PS II reaction center complex con- 
tains the product of this gene QxbI) as well as the 
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products of p&L, p&E and p&F genes. The ex- 
pression of p&L gene in cyanobacteria was also 
confirmed. In higher plants, the products of @I, 
p&E and p&F genes are identified to be the com- 
ponents of the PS II reaction center complex, 
while the product of p&L gene is lost during 
purification from the core complex to the reaction 
center [3,16]. This difference in association pattern 
between higher plants and cyanobacteria might be 
interpreted by an incomplete dissection of the reac- 
tion center from the core components in 
Synechococcus, as also shown by the partial reten- 
tion of the 47 kDa protein. Our present results 
may indicate that the p&L product is more strong- 
ly associated with the reaction center than the 
other core components which are removed during 
column chromatography. To settle this, it is 
necessary to isolate a cyanobacterial PS II reaction 
center complex completely free from the 47 kDa 
protein. However, we can at least conclude that the 
PS II reaction center complex of both higher 
plants and cyanobacteria commonly consists of 
Dl, D2, cytochrome b-559 and the p&I gene pro- 
duct. We would also like to note in this context, 
that the PS II reaction center preparation from the 
green alga, Scenedesmus obliquus, also contains a 
5 kDa protein in addition to Dl, D2 and the two 
subunits of cytochrome b-559 (Hiyama, T., 
Ikeuchi, M., Seibert, M. and Inoue, Y., un- 
published). 
It is still not known what roles the gene products 
of psb1 and psbL play in PS II. We only know that 
psbL is co-transcribed with psbE and psbF [25]. 
The present study revealed that the psbL product 
is co-purified with the two subunits of cytochrome 
b-559 (products of psbE and psbF) up to the reac- 
tion center complex in Synechococcus (this study) 
and up to the core complex in higher plants [3]. 
This suggests that the psbL product is a peripheral 
component of cytochrome b-559. The answer to 
this question might be derived by checking the 
presence of psbL product in isolated, active 
cytochrome b-559 complex. 
In chloroplast DNA, the psb1 gene is located 
near the psbK gene but far from the 
psbE/psbF/psbL operon [20,21]. This may suggest 
that the psb1 gene product has a unique function 
completely unrelated with cytochrome b-559. In 
cyanobacteria, the presence of psb1 gene is now 
established by protein sequencing, and is going to 
be cloned from the cyanobacterial chromosome. It 
might be reasonable to assume its location near the 
psbK gene like in chloroplast genome, since the 
presence and expression of the psbK gene in 
cyanobacteria were also confirmed by protein se- 
quencing [ 131. 
In the reaction center of Rhodopseudomonas 
viridis, the H subunit and a cytochrome are present 
in addition to the L and M subunits [5]. The H 
subunit has a single membrane-spanning segment 
in its N-terminal region, while the cytochrome is a 
peripheral protein and does not span the mem- 
brane. Thus, it may be possible to hypothesize that 
the psb1 product has a role similar to the H 
subunit. In fact, we can point out a slight 
homology in the membrane-spanning segment bet- 
ween the two proteins, although the H subunit has 
a huge hydrophilic domain in contrast to the tiny 
hydrophilic chains on both N- and C-terminal 
regions of the psb1 product. A plausible way to 
study the role of the psb1 product in PS II reaction 
center would be to use genetically engineered 
mutants. 
Recently Gounaris et al. [18] reported a PS II 
reaction center preparation from Synechocystis 
PCC 6803 obtained by use of lauryl maltoside and 
Triton X-100. The absorption spectrum of their 
preparation is more or less the same as that of 
ours, indicative of a high Chl to pheophytin ratio, 
although the absorption peak at 435 nm due to Chl 
is appreciably higher in their preparation than in 
ours. However, their interpretation is totally dif- 
ferent from ours. We attributed the high content 
of Chl to the partial retention of the 47 kDa Chl- 
binding protein and inferred that the cyanobac- 
terial PS II reaction center per se has a low Chl to 
pheophytin ratio like that in higher plants. In con- 
trast, Gounaris et al. [18] did not detect any of the 
47 kDa or 43 kDa proteins with their specific an- 
tibodies raised against corresponding proteins of 
higher plants, and concluded that the cyanobac- 
terial PS II reaction center has a much higher. Chl 
to pheophytin ratio. These different interpreta- 
tions might be ascribed to the ambiguities we often 
experience in immunological detection owing to a 
weak cross-reactivity of an antibody. A definite 
conclusion must await a preparation of cyanobac- 
terial PS II reaction center complex completely 
free from the 47 kDa protein. 
159 
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